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ABSTRACT: Fabrication of highly ordered superstructures of single-walled carbon nanotubes (SWNTSs) is
of great interest for a wide range of potential applications. Here, we investigate the selective distribution of
individually isolated SWNTSs (1D nanoparticles with very large aspect ratios) in Pluronic P84/water/p-xylene
ternary systems in a lamellar phase by contrast variation small-angle neutron scattering measurements.
Hydrophilically functionalized SWNTs (p-SWNTs) with an aspect ratio of ca. 100 are mixed with P84/water/
p-xylene systems prepared with two opposite neutron contrasts, a positive contrast for which the neutron
scattering length density of the apolar domain is higher than that of the polar domain and a negative contrast
for which the relative scattering length density is opposite. The neutron scattering intensity of the first-order
Bragg peak, after correcting for the effect of p-SWNT-induced diffuse interface, increases with addition of
p-SWNTs in the positive contrast samples and decreases in the negative contrast samples. This shows that
p-SWNTs, of which the length is ca. 70 times larger than the thickness of polar domain while its diameter is
comparable to the polar domain thickness, are selectively distributed in the polar domains of the P84/water/

p-xylene lamellar phase.

Introduction

Self-assembly of 1D nanoparticles into highly ordered super-
structures has been of great interest for potential applications in
developing new functional hybrid materials.' > Single-walled
carbon nanotubes (SWNTSs) are one of the most promising 1D
nanoparticles in the field of nanotechnology for their remarkable
mechanical, electrical, and thermal properties*> which are the
basis for a wide range of applications such as nanoscale electronic
devices,*” sensors,®'° energy storage materials,'""'> and reinfor-
cement materials.'*'* However, realization of the potential
applications of SWNTs is still at an early stage.'> One of the
difficulties that hinders practical applications of SWNTs is the
lack of simple and effective methods to fabricate SWNT super-
structures with desired morphology and orientations. As an effort
to achieve such SWNT superstructures, for example, SWNT
structures with preferential orientation have been successfully
demonstrated using methods such as evaporation,'®!” electric
field,"® or spin coating.” In spite of these successful demonstra-
tions showing preferentially oriented SWNTSs, an easy and simple
method to fabricate SWNT superstructures of versatile geome-
tries is yet to be developed.

Block copolymers exhibit rich phase behavior and have
been extensively used as excellent templates for nanostructured
materials.'” 2 Recently, there have been many efforts to 1ncor-
porate nanoparticles” such as spherlcal gold*** and CdSe*
nanoparticles or gold nanorods®’ into self-assembled block copo-
lymers to efficiently fabricate patterned nanoparticle—polymer
composites or to improve physical properties of the composite
materials. In these examples, the equilibrium location and distribu-
tion of nanoparticles in bulk block copolymers were determined by
the selective interaction® >’ between nanoparticles and specific
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blocks of the block copolymers and the size**** of the nanoparti-

cles. Theoretical studies also predict that the cooperative self-
assembly of functionalized nanoparticles and block copolymers
can provide a wide variety of nanoparticle—polymer composites
with well-controlled particle arrangements.”® ! While patterned
nanoparticle—polymer composites have been achieved via self-
assembly for nanospheres or nanorods with relatively small aspect
ratios, however, controlled and guided distribution of one-dimen-
sional nanoparticles with very large aspect ratios such as SWNTs in
polymeric systems has not been fully exploited yet.

In this study, we have investigated the selective distribution of
SWNTs in the Pluronic P84 (PEO¢PPO4PEO,y)/water/p-xylene
ternary system” in the lamellar phase by contrast variation small-
angle neutron scattering (SANS) measurements. The surfaces of
individual SWNTs are hydrophilically functionalized via in s1tu
polymerization of surfactant monolayers encapsulating SWNTs,*
which provide selective affinity to the hydrophilic domains of the
ternary system. Therefore, selective distribution of individually
isolated SWNTs in the repeated stacks of hydrophilic domains of
the polymeric system is expected via self-assembly. However, the
very large aspect ratio of typical SWNTSs can be a problem for
SWNTSs to be selectively confined in domains of very narrow
thicknesses compared to the length of SWNTs. It is, however,
difficult to directly observe SWNTs selectively distributed in poly-
meric systems. Most common microscopy techniques such as
AFM, TEM, or SEM have their specific disadvantages in visualiz-
ing SWNTs within a polymer matrix.** In this study, contrast
variation SANS is used to identify the location of SWNTSs within
the polymeric systems. Since the neutron scattering contrast
between the hydrophilic and the hydrophobic domains is changed
by the selective distribution of SWNTs in one of the domains,
variations of SANS intensities of the ternary system with different
amount of SWNTs will allow us to identify the selective distribu-
tion of SWNT in the polymeric system. To our knowledge, this is
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Table 1. Weight Fractions of Hydrogenated Solvents in p-Xylene
and Water and Calculated Average SLDs of Apolar (p,p1ar) and
Polar (p,po1ar) Domains for P84/Water/p-Xylene Ternary Systems at
Lamellar Phase

p-xylene-n:
p-xylene-d HzOIDzO ﬁz\po]ar ﬁpo]ar
(weight ratio) (weight ratio) (x10'°em™2) (x10'cm™?)
positive 0:100 46.6:53.4 3.00 2.27
contrast
negative 0:100 0:100 3.00 4.63
contrast

the first experimental study to show the selective distribution of
SWNTs in polymeric systems by a contrast variation SANS
technique.

Materials and Experimental Methods

Materials. Superpurified HiPco single-walled carbon nano-
tubes (SWNT, purity >98 wt %) were purchased from Carbon
Nanotechnologies Inc., and Pluronic P84, (EO);9o(PO)43(EO)0,
block copolymer was provided by BASF as a gift and was used as
received. Cetyltrimethylammonium hydroxide (CTAOH) was
purchased from Fluka. 4-Vinylbenzoic acid was purchased from
Aldrich. Water-soluble free-radical initiator VA-044 (2,2'-azobis-
[2-(2-imidazolin-2-yl)propane] dihydrochloride) was purchased
from Wako Chemicals. Deionized water (Milli-Q, Millipore) was
used for hydrogenated water (H,O). Hydrogenated p-xylene (or
p-xylene-n) of purity >99% was purchased from Sigma-Aldrich.
Deuterated water (D,0, 99.9 atom % D) and deuterated p-xylene
(p-xylene-dyy, CsD4(CD3),, > 98 atom % D) were purchased from
Cambridge Isotope Laboratories. Cetyltrimethylammonium 4-vinyl-
benzoate (CTVB) was synthesized by neutralization of 4-vinyl-
benzoic acid in the presence of a slight stoichiometric excess of
CTAOH followed by repeated crystallization.>® The polymeric
system in the lamellar phase was prepared at a composition of
P84/water/p-xylene of 40/40/20 ratio by weight at room tem-
perature.

Functionalization of SWNTs. Functionalized SWNTs (p-
SWNTs) whose surfaces are hydrophilically modified were pre-
pared as described elsewhere.*® Briefly, HiPco SWNTs (2 mg/mL)
were mixed in water with the cationic surfactant CTVB (5 mg/mL)
which has polymerizable counterions (4-vinylbenzoate). The mix-
ture of SWNT and CTVB was sonicated for 1 h to exfoliate bundled
SWNTs and produce individually isolated SWNTs with an ad-
sorbed monolayer of CTVB. The CTVB monolayer on SWNT
surface was “locked in” by in situ free-radical polymerization of the
counterions of CTVB at 60 °C using the free-radical initiator VA-
044. The polymerized mixture was ultracentrifuged (ca. 111 000g)
for 4 h to separate isolated SWNTs from bundled ones, and the
upper ca. 70% of the solution, which was a homogeneous disper-
sion of SWNTs, was decanted and freeze-dried. In the previous
study, SANS measurement of p-SWNT in D,O showed that
isolated SWNTs of average diameter, 1.0 nm, are cylindrically
encapsulated by polymerized surfactant monolayers whose thick-
ness is about 2.0 nm, resulting in 5.0 nm for the diameter of
p-SWNTs.*® The average length of p-SWNTs were found to be
around 500 nm by atomic force microscope measurements. ™

Contrast Variation Small-Angle Neutron Scattering. The P84/
water/p-xylene ternary system at lamellar phase can be divided into
polar (PEO + water) and apolar (PPO + p-xylene) domains.***” If
SWNTs are selectively distributed in either polar or apolar do-
mains, the average neutron scattering length density (SLD) of the
corresponding domain will be changed, resulting in a change in the
scattering intensity. The changes of the scattering intensity due to
the selective distribution of SWNTs can be described as follows.

The scattering intensity of the first-order Bragg peak (/) from
the simple two phase lamellar system is proportional to the
square of the neutron scattering contrast (Ap) which is the
difference between the average neutron SLDs of the apolar

Doe et al.
(@) without p-SWNT with p-SWNT in polar domain
35 Pepolar A apolar apolar
s P Ap
E P polar polar 7 (
n polar
+
SLD of
| |PSWNT| . —. p-SWNT
(b) without p-SWNT with p-SWNT in polar domain
—~ Proler e
5 polar i
i Ap polar } Ap
Papolar
3 #! apolar P-SWNT| apolar
(]
SLD of
| . [N Lomood — . p-SWNT

Figure 1. Schematics showing the average SLD changes in two differ-
ent scattering contrast conditions assuming that p-SWNTs are selec-
tively distributed in the polar domains. (a) When p,polar > Bpolar (POSitive
contrast condition), the scattering contrast (Ap) will increase if p-SWNTs
are selectively distributed in the polar domain. (b) When papotar < Ppolar
(negative contrast condition), the scattering contrast (Ap) will decrease
if p-SWNTs are selectively distributed in the polar domain. The SLDs
of Papolar aNd Dporar are always higher than the SLD of p-SWNT (dash-
dotted line).

domain (po1ar) and the polar domain (pporar) and can be written
as

I = C(ﬁapolar_ﬁpolar)2 = C(Ap)2 (1)

where C is a proportional coefficient.*®

If both Papotar and Ppoiar are greater than the SLD of p-SWNTs,
selective distribution of p-SWNTs in either of the domains will
reduce the average SLD of the corresponding domain. This condi-
tion is satisfied in our experiments (see Table 1). This will result in
either an increase or a decrease of the scattering intensities depend-
ing on the relative SLDs of the two domains before the addition
of p-SWNTs. When the average SLDs before the addition of
P-SWNTs satisfy Dapolar > Ppolar» the scattering intensity will
increase if p-SWNTs are selectively distributed in the polar domain
and will decrease if p-SWNTs are selectively distributed in the
apolar domain (Figure 1a). On the other hand, when the average
SLDs before the addition of p-SWNTSs satisfy Papotar < Ppolar> the
scattering intensity will decrease if p-SWNTs are selectively dis-
tributed in the polar domain and will increase if p-SWNTs are
selectively distributed in the apolar domain (Figure 1b). Therefore,
the change of scattering intensities of the P84/water/p-xylene
ternary systems with different amount of p-SWNTs, which are
prepared with the two different scattering contrast conditions
(ﬁapolar > ﬁpolar or papolar < ﬁpolar)s will allow us to identify the
selective distribution of p-SWNTs in the lamellar phase. Here, we
denote the scattering contrast conditions, Papotar — Ppolar > 0 and
Papolar — Ppolar < 0, as a positive contrast condition and a negative
contrast condition, respectively.

Preparation of Mixtures of P84/Water/p-Xylene Ternary
Systems with p-SWNTs. P84/water/p-xylene (40/40/20 by
weight) ternary mixtures are prepared in two different neutron
scattering contrast conditions. For each ternary system, the
concentration of p-SWNT in water is varied from 0 to 4 wt %
(0, 1,2, 3,and 4 wt % in water). To prepare ternary systems with
positive and negative neutron scattering contrasts, the SLD of
water was varied by mixing H,O and D,O appropriately
(Table 1) while the SLD of the p-xylene was kept constant by
using deuterated p-xylene (p-xylene-d,q) for both scattering
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Figure 2. (a) UV—vis—NIR absorption spectra of p-SWNTs in P84/
water/p-xylene lamellar phase (red) and in water (black). The red line is
vertically shifted for visual clarity. (b) Raman shifts from p-SWNTs in
P84/water/p-xylene lamellar phase (red) is shown with the Raman shift
from raw bundled SWNTs (black). Raman intensities are normalized to
1 for the peak near 270 cm ™ for visual clarity. Both the UV—vis—NIR
and Raman spectra measurements were performed on the P84/water/
p-xylene ternary system mixed with 3 wt % p-SWNTs in water.

contrasts. The calculated average SLDs of polar and apolar
domains are listed in Table 1. The SLDs of PEO,** PPO,*
p-SWNT, H,0, D,0, p-xylene-n, and p-xylene-d;gare 0.57,0.35,
0.53, —0.57, 6.33,0.77, and 5.84 x 10'° cm 2, respectively. The
SLDs of water and p-xylene which were prepared as described
above also ensure that the SLDs of papoiar and pporar are always
higher than the SLD of p-SWNT (0.53 x 10'® cm™?). The
samples were centrifuged repeatedly in alternating directions
for several days to facilitate mixing and kept at room tempera-
ture for a few days. The P84/water/p-xylene ternary systems
mixed with various concentrations of p-SWNTs did not show
any visual aggregation after several days of alternative centri-
fuge mixing (Supporting Information, Figure S1).

UV—vis—NIR Measurements. A PerkinElmer LAMBDA 750
UV—vis—NIR spectrometer with quartz cells of 2 mm beam
path length was used to measure absorption spectra of p-
SWNTs in P84/water/p-xylene and D-O.

Raman Spectra Measurements. Raman spectra of p-SWNTs
in P84/water/p-xylene and pristine SWNT were obtained using
FT-Raman spectroscopy (Bruker, RFS-100) with laser excita-
tion 1064 nm and resolution 1 cm ™.

Small-Angle Neutron Scattering Measurements. SANS mea-
surements were performed using the NG7 30 m SANS instru-
ment at the National Institute of Standards and Technology
(NIST) in Gaithersburg, MD.* Neutrons of wavelength A = 6
A with a full width half-maximum AA/A = 11% were used. A
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single sample-to-detector distance of 4 m was used to cover the ¢
range of 0.012 A" < ¢ < 0.152 A~ where ¢ = (4nt/1) sin(0/2)
is the magnitude of the scattering vector and 0 is the scattering
angle. Sample scattering was corrected for background and
empty cell scattering and the sensitivity of individual detector
pixels. The corrected data sets were placed on an absolute scale
using the data reduction software provided by NIST*! through
the direct beam flux method. All the SANS measurements were
carried out at 25 °C using quartz cells of 1 mm path length.

Results and Discussion

The UV—vis—NIR spectrum of the p-SWNTs mixed with the
P84/water/p-xylene in lamellar phase is essentially identical as
that of p-SWNTs dispersed in water showing sharp van Hove
transition peaks (Figure 2a), which indicates that most of the
SWNTs in the P84/water/p-xylene ternary system exist in an
individually isolated form without forming aggregates.* In
addition, the radial breathing modes of the Raman spectrum of
the p-SWNTs mixed with the P84/water/p-xylene system shows
ca. 4 cm™ ' shift to higher frequency compared to that of the
bundled SWNTs in water (Figure 2b), which further confirms the
existence of the debundled and individually isolated SWNTs in
the P84/water/p-xylene systems.*

The SANS intensities of P84/water/p-xylene (40/40/20 by
weight) mixed with different amount of p-SWNTs are summarized
in Figure 3 for each scattering contrast condition. Since the average
scattering contrast between the polar and apolar domains of the
negative contrast samples is larger than that of the positive contrast
samples, the scattering intensities of the first-order Bragg peak
(which is sensitive to the average scattering contrast™) from the
negative contrast samples are larger than those from the positive
contrast samples. However, the scattering intensity of the second-
order Bragg peak is approximately the same for the two contrast
conditions, which can be explained by the detailed subdomain
structures of the samples as previously reported.®™ The peak
position ratios of all the positive and negative contrast samples
with and without p-SWNTs are 1:2, indicating that the underlying
lamellar structures are maintained regardless of the neutron con-
trast variation or the addition of p-SWNTSs. As the concentration
of p-SWNTs is increased, the intensity of the first-order Bragg
peak from the negative contrast samples monotonically decreases,
which suggests that p-SWNTs are selectively distributed in the
polar domain reducing the scattering contrast. However, the
intensity of the first-order Bragg peak from the positive contrast
samples, which is expected to increase if p-SWNTs are selectively
distributed in the polar domain, slightly decreases with the addition
of p-SWNTs, but more slowly than that of the negative contrast
samples. The periodicities of the lamellar structures without
p-SWNTs are 13.8 and 13.6 nm for the positive and negative
contrast samples, respectively. Considering that all the samples
were prepared on a weight basis, the small difference in the
periodicity can be attributed to the difference in mass densities of
H,0 and D,O (Figure 3). As the concentration of p-SWNT is
increased, the scattering peak position is slightly shifted to higher ¢,
indicating that the periodicity of lamellar structures is slightly
decreased. This may be attributed to redistribution of solvent by
the inclusion of p-SWNTs.* The increase (up to ca. 7%) of the
scattering peak width is also observed as the concentration of
p-SWNT is increased, indicating that positional disorder or defects
of lamellar structures has been increased by the addition of p-
SWNT. Analysis of the first Bragg peaks of measured SANS
intensities*>*® suggests that the standard deviation of positional
disorder distribution of the lamellar structure is increased by up to
ca. 0.75 nm (from 3.08 to 3.83 nm) by the addition of p-SWNTs
(Supporting Information). This perturbation or defects of lamellar
structures may contribute to stabilize p-SWNT within the lamellar
structures.*’
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Figure 3. Scattering intensities of P84/water/p-xylene lamellar phase mixed with p-SWNTs with (a) a positive scattering contrast condition and (b) a
negative scattering contrast condition. The concentrations of p-SWNTs are indicated as weight percent in water. Relative peak positions are indicated.

@ positive contrast ~
@ negative contrast N
40 ! 1 L L L
0 1 2 3 4

p-SWNT concentration in water (wt %)

Figure 4. Relative scattering intensity changes of the first Bragg peak
from P84/water/p-xylene ternary systems mixed with different amount
of p-SWNTs. Dashed lines are guides for the eye.

To understand the variation of scattering intensities with addi-
tion of p-SWNTs more quantitatively, the relative scattering
intensity changes (Al,/ly) of the first-order Bragg peak, which is
sensitive to the average scattering contrast between the polar and
apolar domains,™ are plotted against the concentration of p-
SWNT in water (Figure 4). Here, Al, = I, — Iy, where I is the
scattering intensity of the first-order Bragg peak from the sample
with x wt % p-SWNTSs in water and /I, is that of the sample without
p-SWNT. As the concentration of p-SWNT in water is increased
from 0 to 4 wt %, AI/I, decreases to ca. —33% and ca. —12% for
the negative (ﬁapolar ~ Ppolar < 0) and positive (ﬁapolar ~ Ppolar ~ 0)
contrast samples, respectively. In the negative contrast sample with
4wt % p-SWNT in water, if p-SWNTs (with a SLD of 0.53 x 10"
cm?) are selectively distributed in the polar domain, the calcu-
lated average SLD of the polar domain mixed with p-SWNTs is
4.46 x 10" cm™2, which is smaller than the SLD of the polar
domain before adding p-SWNTs (4.63 x 10" cm™2). This decrease
of polar domain SLD reduces the scattering contrast. A similar
calculation is performed for the positive contrast sample with
4 wt % p-SWNT in water, resulting in the average SLD of the
polar domain mixed with p-SWNTs (2.20 x 10" cm™?), which is
smaller than the SLD of the polar domain before adding p-SWNTs
(2.27 x 10" ecm™?). This decrease of polar domain SLD increases
the scattering contrast. The changes of scattering intensity due
to the change of scattering contrast by adding p-SWNTs (4 wt %
in water) are calculated to be ca. —20% (decrease) and ca. +19%
(increase) for the negative and positive contrast samples, respec-

tively. However, the measured scattering intensity of the negative
contrast sample shows much larger decrease (ca. —33%) than the
calculated one, and that of the positive sample shows decrease
rather than increase. It should be noted, however, that the intensity
decrease of the negative contrast sample is always larger than that
of the positive contrast sample. This may indicate that there is
another mechanism (which is independent of the contrast con-
ditions) that decreases the scattering intensity by the addition of
p-SWNTs.

This decrease in the scattering intensity can be explained as
follows. From the lamellar periodicity (13.6 nm) and the polar
volume fraction (ca. 0.54) of the negative contrast sample without
p-SWNTs, the polar and the apolar domain thicknesses are
calculated to be 7.4 and 6.2 nm, respectively. A recent study of
P84/water/p-xylene ternary systems in the lamellar phase®®
showed that a thin (ca. 0.6 nm) water-rich layer exists in the
middle of the polar domain. Considering that the diameter of
p-SWNT?? (5 nm) is comparable to the thicknesses of the polar
domain, the inclusion of p-SWNTs in the polar domain will
disturb the polar/apolar interfaces as shown in Figure 5, which
can make the polar/apolar domain interfaces effectively diffuse
and lead to the decrease of scattering intensities. Therefore, the
additional intensity decrease in the negative contrast sample with
4wt % p-SWNT in water can be attributed to the diffuse interface
induced by the inclusion of p-SWNTs in the polar domains. Since
the scattering intensity decrease due to the diffuse interface is
expected to occur in the positive contrast samples as well, the
scattering intensity of the positive contrast sample (which was
supposed to increase with addition of p-SWNTs) may decrease if
the effect of the diffuse interface is large enough.

To identify the contribution of the p-SWNT-induced dif-
fuse interface to the decrease of scattering intensity, the
measured scattering intensity change of the negative contrast
condition (ca. —33%) is compared with the expected scatter-
ing intensity change due to p-SWNT (4 wt % in water)
induced contrast change (ca. —20%) as follows. The mea-
sured scattering intensity of the first Bragg peak, I™°**, can be
described by the multiplication of two independent terms as
Jmeas = eonty . where I°°™ is the scattering intensity of the
first Bragg peak determined by the average scattering con-
trast between the polar and the apolar domains with sharp
interfaces, and fgir is a factor describing the scattering
intensity decrease due to the p-SWNT-induced diffuse inter-
faces. fqigr = 1 when there are no p-SWNTs in the mixture. In
the case of a Gaussian bilayer model, which is one of the
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among p-SWNTs in each polar domain are not observed in the current SANS data. Therefore, p-SWNTs in polar domains are assumed to be randomly
distributed. The dimensions indicated in the figure are for the negative contrast samples without and with p-SWNTs (4 wt % in water).

examples describing diffuse interfaces, f4;;rhas an exponential
form.*® Since the effect of diffuse interface is purely structu-
ral, the factor fyir is assumed to be independent of the
scattering contrast conditions. On the basis of this assump-
tion, fqirr & 0.83 can be obtained from the experimentally
measured scattering intensity variation with 4 wt % p-SWNTs in
water (ca. —33%) and the expected scattering intensity variation
(ca. —20%) which is calculated from the scattering contrast
changes due to addition of p-SWNTs (Supporting Information).
Since the effect of p-SWNT-induced diffuse interface is expected
to be same for the positive contrast samples, it can be assumed
that fg;r obtained from the negative contrast sample is same for
the positive contrast sample. When the measured scattering
intensity change (ca. —12%) of the positive contrast sample is
corrected for the effect of p-SWNT-induced diffuse interface
using fqr ~ 0.83, the scattering intensity change due to the p-
SWNT-induced average contrast change becomes ca. 6%
(Supporting Information). It should be noted that once it is
corrected for the diffuse interface effect, the scattering intensity
change of the positive contrast sample with the addition of p-
SWNTs is positive as expected for selective distribution of p-
SWNT in polar domains. The corrected scattering intensity
change (= ca. 6%) is, however, smaller than the expected value
(ca. 19%). This discrepancy may be attributed to the fact that the
average SLD of the polar domain was calculated by assuming
homogeneous mixture of p-SWNTs, PEO, and water, while the
polar domains containing p-SWNTSs with a diameter of 5 nm and
a length of ca. 500 nm are not truly homogeneous in the length
scale of SANS measurements.

Once the effect of p-SWNT-induced diffuse interface is cor-
rected, the neutron scattering intensity of the first-order Bragg
peak increases with addition of p-SWNTs in the positive contrast
samples and decreases in the negative contrast samples, which is
consistent with the expectation for selective distribution of p-
SWNTs in the polar domains of the ternary systems. Therefore,
this confirms that p-SWNTs which are functionalized to have
hydrophilic surfaces are selectively distributed in the polar
domains of lamellar structures of P84/water/p-xylene. It should
be noted that while the diameter (5 nm) of p-SWNT is compar-
able to the thickness of polar domain (7.4 nm), its length (ca. 500
nm) is ca. 70 times larger than the thickness of polar domain. This
suggests that properly functionalized anisotropic nanoparticles
can be selectively incorporated into a specific domain of poly-
meric lamellar structures even if one of the dimensions of the

nanoparticle is far larger than corresponding domain thickness
(the other dimension is comparable to the domain thickness).
The p-SWNTs confined in the polar domains of lamellar
structures can be considered rods confined in two-dimensional
space. The Onsager’s mean field model applied to an infinite two-
dimensional system of rods predicts that the isotropic—nematic
transition oceurs at a critical area fraction of rods given as ¢* =
37[/2(L/D)7 where L and D are the length and diameter of
rods.**° For the p-SWNTs (L/D = ca. 100) used in this study,
@* = 0.047. If it is assumed that all p-SWNTs (4 wt % in water)
are confined in the polar domain without overlapping, the area
fraction of p-SWNT is calculated to be 0.054, which is slightly
larger than ¢*. Therefore, there is some possibility of orienta-
tional ordering of p-SWNTs in the two-dimensional polar
domain. However, it should be noted that while the two-
dimensional boundaries in Onsager’s mean field model are hard
walls, those in the polar domain of lamellar structures are soft
walls which provide different rod—wall interactions. This differ-
ence of walls makes the prediction of isotropic—nematic transi-
tion of p-SWNTs in two-dimensional polar domain rather
difficult. To identify the two-dimensional isotropic—nematic
transition of p-SWNTs, a further investigation would be needed.

Conclusion

We have investigated the distribution of hydrophilically func-
tionalized SWNTs in the P84/water/p-xylene lamellar phase using
contrast variation SANS measurements. The neutron scattering
intensity of the first-order Bragg peak, after correcting for the
effect of p-SWNT-induced diffuse interface, was increased with
addition of p-SWNTs in the positive contrast samples and
decreased in the negative contrast samples, which confirmed that
p-SWNTs are selectively distributed in the polar domains of the
P84/water/p-xylene lamellar phase. The selective distribution of
p-SWNTs was driven by the hydrophilic surfaces of p-SWNTs
which provide selective affinity to the polar domains of the block
copolymer system. This suggests that block copolymer systems
can be used as a simple and easy route to fabricate selectively
distributed SWNT composites, providing new opportunities for
the applications of SWNTs.
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